Background. Recent evidence suggests that astrocytes protect cancer cells from chemotherapy by stimulating upregulation of antiapoptotic genes in those cells. We investigated the possibility that activation of the endothelin axis orchestrates survival gene expression and chemoprotection in MDA-MB-231 breast cancer cells and H226 lung cancer cells.
Approximately 200 000 cases of brain metastases occur in the United States each year. 1 Brain metastasis is associated with poor prognosis, neurological deterioration, diminished quality of life, and extremely short survival. 2 Indeed, the median survival time for untreated patients is 1 -2 months 3 and improves to only 4 -6 months for patients treated with chemotherapy and conventional radiotherapy. 4 The limited response of brain metastases to chemotherapy has been attributed to structural (ie, tight junctions) and functional (eg, P-glycoprotein) properties of the blood-brain barrier that prevent cytotoxic drugs from entering into the central nervous system (CNS). 5, 6 However, experimental studies have shown that the blood-brain barrier is breached once metastases exceed 0.2 mm in diameter, 7, 8 suggesting that additional mechanisms may contribute to the chemoresistant phenotype of brain metastases. An increased understanding of the mechanisms that mediate therapeutic resistance of brain metastases is critical for developing new treatment strategies that improve clinical outcomes.
Reactive astrogliosis is widely regarded as the most important histopathological indicator of diseased CNS tissue, regardless of etiology. 9 Reactive astrocytes encircle and infiltrate cancer cells residing in the brain. 10, 11 Recently, we patterned reactive astrogliosis in vitro by co-incubating melanoma cells with astrocytes and discovered that gap junction-mediated communication protected melanoma cells from chemotherapeutic agents. 12 A more intensive examination, which employed cross-species hybridization of microarrays on human cancer cells that were co-incubated with murine astrocytes, revealed that direct contact between astrocytes and cancer cells leads to marked alterations in the cancer cell transcriptome including upregulation of the survival-related genes, glutathione S transferase alpha 5 (GSTA5), BCL2-like 1 (BCL2L1), and TWIST-related protein 1 (TWIST1). 13 Functional studies demonstrated a role for this subset of genes in protecting cancer cells from chemotherapy, and the gene products were localized to cancer cells in clinical cases of brain metastases. 13 However, the astrocyte signal that stimulates survival gene expression in cancer cells remained unknown.
Several lines of evidence have suggested a potential role for the small (21-amino acid) endothelin peptides in mediating antiapoptotic gene expression and chemoprotection in cancer cells. The endothelin signaling pathway includes 3 peptides (ET-1, ET-2, and ET-3), which mediate their activity by binding to 2 high-affinity G-protein -coupled receptors, ET A R and ET B R. 14 Immunohistochemical analysis of a large series of human brain metastasis cases revealed that peritumoral astrocytes overexpress endothelin in 85% of metastases. 15 Reactive astrocytes are also reported to overexpress endothelin in several other CNS pathologies. 16 A comparison of gene expression profiles between melanoma cell variants, which spontaneously metastasized to the brain and parental cells with low metastatic potential, led to the identification of ET B R as a critical determinant in the stepwise progression of melanoma to the brain metastatic phenotype. 17 ET-1 has also been shown to signal for activation of survival programs in several types of cancer cells. 18 -20 The above-mentioned studies prompted us to hypothesize that endothelin-mediated signaling between cancer cells and astrocytes and/or endothelial cells leads to the upregulation of survival genes in cancer cells and thus protection from chemotherapy. Herein, we examined how astrocytes and endothelial cells interact with MDA-MB-231 breast cancer cells and H226 non -small cell lung cancer (NSCLC) cells to modulate different components of the endothelin signaling axis and describe the impact on cancer cell survival.
Materials and Methods

Reagents
The following antibodies were used in this study: anti-ET A R (BD Biosciences); anti-ET B R (Santa Cruz Biotechnology); antiglutathione S-transferase A5 (GSTA5) (Novus Biologicals); anti-phospho-serine, anti-IL-6 (AbCam); anti-IL-8 (Invitrogen); anti-AKT, anti-phospho-AKT (Ser-473), anti-MAPK, anti-phospho-MAPK (Thr-202 and Tyr-204), anti-TWIST1 and anti-BCL2L1 (Cell Signaling Technology); anti-b-actin (AC-15) (Sigma-Aldrich); and rabbit anti-mouse Alexa 647 antibody and goat anti-mouse Alexa 488 antibody (Molecular Probes).
The selective ET A R antagonist BQ123, selective ET B R antagonist BQ788, and endothelin-1 were from Sigma-Aldrich. Taxol was purchased from Bristol-Myers Squibb, and macitentan (ACT-064992) was provided by Actelion Pharmaceuticals, Ltd. 21 Calcein AM and DiI cell labeling dyes were purchased from Molecular Probes. Carbenoxolone (CBX), a gap-junction inhibitor, 12 was purchased from Sigma-Aldrich. Human recombinant IL-6 and IL-8 were purchased from R&D Systems.
Cell Lines
Human MDA-MB-231 breast cancer cells, 13 human H226 NSCLC cancer cells, 22 and murine NIH 3T3 fibroblasts 13 were maintained in complete Eagle's minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS) (HyClone). The immortalized murine C8-B4 microglial cell line was a gift from Dr. D. Trisler (University of Maryland), and human astrocytes were purchased from ScienCell Research Laboratories. Murine astrocytes 23 and brain endothelial cells 24 were established in our laboratory and have been described previously. Cell lines were tested at the MD Anderson Characterized Cell Line Core Facility using short-tandem repeats DNA profiling. Astrocytes, fibroblasts, endothelial cells, and microglial cells were transfected with green fluorescence protein (GFP) genes as previously described. 25 Immunofluorescence Analysis MDA-MB-231 cells were plated onto 4-well chamber slides (ColeParmer) at a density of 5 × 10 4 cells/well in MEM containing 10% FBS. The slides were placed in a 378C incubator for 24 hours and then incubated for 12 hours in MEM containing 0.1% FBS or treated for 30 minutes with 100 nM of ET-1. The cells were fixed in a methanol-acetone solution (1:1, vol/vol), incubated in blocking solution (4% fish gel) (Sigma-Aldrich) for 20 minutes, and then incubated at 48C overnight with primary antibodies (1:100). Control samples were incubated with corresponding IgG isotype antibodies (1:100). Samples were rinsed and then incubated with goat anti-rabbit Alexa 647 antibody (1:600) for 1 hour. Slides were rinsed before incubating with 4 ′ -6-diamidino-2-phenylindoe (DAPI) (Life Technologies) for 5 minutes to label the cell nuclei. Samples were visualized with a BX-51 microscope equipped with a DP71 digital camera, and the images were processed using DP Manager software (Olympus).
Chemoprotection Assay
To evaluate the effect of astrocytes, fibroblasts, brain-derived endothelial cells, and microglial cells on the sensitivity of cancer cells to chemotherapeutic agents, we performed an in vitro chemoprotection assay as described previously. 13 In brief, astrocytes, endothelial cells, microglial cells, and 3T3 fibroblasts were transfected with GFP and plated along with MDA-MB-231 breast cancer cells or NCI-H226 NSCLC cells (cancer cell:test cell plating ratio of 1:2 was used in all co-culture studies) and allowed to stabilize overnight. The media were replaced with fresh MEM containing 15 ng/mL of taxol. After 48 hours, the GFP-labeled cells were separated from cancer cells by fluorescence-activated cell sorting (FACS), and the apoptotic index of cancer cells was determined by FACS analysis of propidium iodide-stained DNA as described previously. 13 To determine whether astrocyte-mediated protection of cancer cells was due to activation of the endothelin signaling pathway, we pre-incubated the cancer cells with the endothelin receptor antagonists (BQ123, BQ788, or macitentan) or ET-1 peptides for 2 hours and then co-incubated the cells with astrocytes (or control fibroblasts) in the presence or absence of 15 ng/mL of taxol. The effect of taxol on cancer cells co-incubated with brain endothelial cells and microglial cells was also studied. To determine if direct contact was necessary for induction of antiapoptotic genes in cancer cells, we separated individual cell types by a 0.4-mm membrane in transwell chambers (Costar). Upper inserts containing 1 ×10 5 cancer cells were placed over 2 × 10 5 astrocytes that were seeded on lower chambers, and the cells were co-incubated for 48 hours in Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS. The potential role of astrocyte-derived soluble factors in modulating expression of survival genes and proteins was assessed using astrocyteconditioned media, which was generated by plating astrocytes onto 6-well plates at a density of 0.5 × 10 6 /well in 2 mL of DMEM supplemented with 10% FBS for 48 hours. In other experiments, cancer cells were pretreated for 2 hours with 100 mM CBX prior to co-incubating with astrocytes (or other cell type) to study the role of gap junction communication in chemoprotection. In all cases, the apoptotic index of cancer cells was determined 48 hours later by measuring propidium iodide labeling, and the results were expressed as means+standard deviation (SD) from experiments conducted in triplicate.
Real-time Polymerase Chain Reaction Analysis
Total RNA was extracted from the cells using the Qiagen RNeasy mini kit (Qiagen). First-strand cDNA was synthesized from 5 mg RNA using SuperScript III reverse transcriptase (Life Technologies). Real-time (RT-) PCR was performed using TaqMan Universal PCR MasterMix and quantified with an ABI 7500 RT-PCR system (Applied Biosystems). The following TaqMan gene expression assays were used in our study: human ET A R (Hs00609865_m1); human ET B R (Hs00240747_m1); human BCL2L1 (Hs00169141_ m1); human GSTA5 (Hs00604085_m1); human TWIST1 (Hs00361 186); human ET-1 (Hs00174961_m1); human ET-2 (Hs00171177_ m1); human ET-3 (Hs01012714_m1); human IL-6 (Hs00985639_ m1); human IL-8 (Hs00174103_m1); mouse ET-1 (Mm00438 656_m1); mouse ET-2 (Mm00432983_m1); and mouse ET-3 (Mm00432986_m1) (all from Applied Biosystems). The 18S rRNA was used as an endogenous control, and relative mRNA expression was calculated using the DDCt method. 26 Results are expressed as means+SD of mRNA relative to that of control.
Western Blot Analysis
For co-culture experiments, a total of 2 × 10 6 cells (cancer cells plus astrocytes or 3T3 fibroblasts) were plated onto 100 mm culture dishes and co-incubated for 24 hours. Cancer cells were isolated by FACS, washed twice with PBS, and lysed with buffer. To determine the effects of ET-1 stimulation on cancer cell proteins, the cells were plated onto 6-well plates at a density of 0.5× 10 6 cells/well in MEM supplemented with 0.1% FBS. After a 24-hour period, the media were aspirated and replaced with ET-1 peptides for dose-and time-related studies. We used identical conditions when analyzing the effects of IL-6 and IL-8 on astrocytes or cancer cells. Next, 50 mg of total protein was separated by electrophoresis on 4 -12% Nu-PAGE gels (Life Technologies) and transferred to nitrocellulose membranes. Membranes were blocked for 1 hour and incubated overnight at 48C with primary antibodies (1:1000). The membranes were rinsed, incubated with horseradish peroxidase-conjugated secondary antibodies (1:3000), and visualized by enhanced chemiluminescence (Amersham).
Co-immunoprecipitation Analysis
A total of 3× 10 6 cells (cancer cells only or cancer cells plus astrocytes or fibroblasts) were incubated on 100 mm culture dishes for 6 hours. In some experiments, cancer cells were stimulated with ET-1. In co-culture experiments, the cancer cells were separated from GFP-labeled astrocytes or fibroblasts and lysed in buffer. Then, 500 mg of whole-cell lysates were precleared with protein A agarose beads (Santa Cruz Biotechnology) for 2 hours at 48C and incubated with the following antibodies: 2 mg of mouse or rabbit IgG (Santa Cruz Biotechnology), 2 mg of mouse monoclonal ET A R antibody, or 2 mg of a rabbit polyclonal ET B R antibody. After an overnight incubation at 48C, the protein complexes were pulled down using protein-A agarose beads (4 h at 48C). The beads were washed twice, pelleted by gentle centrifugation, resuspended in 20 mL of 2X Laemmli SDS sample buffer, separated by 4%-12% Nu-PAGE gel electrophoresis, and the proteins were transferred to nitrocellulose membranes. To determine whether endothelin receptors were phosphorylated, membranes were incubated with a phosphoserine antibody followed by incubation with horseradish peroxidase-conjugated secondary antibodies (1:3000). Horseradish peroxidase (HRP) activity was detected using enhanced chemoluminescence.
RNA Interference
RNA interference was performed on the MDA-MB-231 cancer cells using Lipofectamine 2000 (Life Technologies) according to the manufacturer's instructions. For silencing target proteins, siRNAs specific for ET A R, ET B R, IL-6, IL-8, and nontargeting control siRNAs were purchased from Santa Cruz Biotechnology. The siRNA sequences for ET A R and ET B R were 5
′ -GCAACCUUCUGCAUUCAU Att-3 ′ and 5 ′ -CAACAUGGCUUCACUGAAUtt-3 ′ , respectively. The siRNA sequence for IL-6 and IL-8 were 5
′ -CAGAACGAAUU GACAACAtt-3 ′ and 5 ′ -GGGUGCAGAGGGUUGUGGAGATT-3 ′ , respectively. Cells were transfected with 100 nM siRNAs when they were 50% confluent, and knockdown of target proteins was confirmed by PCR or Western blot analysis.
Enzyme-linked Immunosorbent Assay for ET-1, IL-6, and IL-8 Expression
ET-1 protein produced by murine astrocytes, murine fibroblasts, and co-cultures containing human cancer cells with astrocytes or fibroblasts was measured using a standard ELISA kit measuring ET-1 (R&D Systems) according to the manufacturer's instructions. IL-6 and IL-8 were measured using ELISA kits purchased from Thermo Fisher Scientific. For co-culture experiments, we plated a total of 0.5 ×10 5 cells/well onto 6-well plates in DMEM with 10% FBS for 48 hours. In other studies, 2.0× 10 5 astrocytes were stimulated with 100 ng/mL of IL-6 or IL-8 for 24 hours before collecting supernatants. The assays were conducted in triplicate, and the absorbance of the samples was compared with the standard curve.
Cell Cycle Analysis
To determine whether co-incubation of cancer cells with astrocytes altered the cell cycle distribution of cancer cells, we plated cancer cells alone or with astrocytes onto 6-well plates at a total density of 2.0 × 10 5 cells/well in MEM containing 10% FBS. The following day, the media were replaced, and the cells were incubated for 48 hours. Cancer cells were collected, washed, and fixed in 75% ethanol for 1 hour and then stained with 25 mg/mL Kim et al.: Endothelin axis and chemoprotection by astrocytes propidium idodide containing 0.1 U/mL RNAse. The DNA content of cells was analyzed with FACS.
Evaluation of Gap Junctional Communication
We evaluated the gap junctional communication between MDA-MB-231 cancer cells and astrocytes or brain endothelial cells using a dye transfer assay as previously described. 12 In brief, astrocytes and endothelial cells (donor cells) were labeled with calcein-AM (5 mM) for 30 minutes, and cancer cells (recipient cells) were labeled with DiI (5 mM) for 30 minutes (both at 378C). Cells were rinsed several times and then co-incubated in 6-well plates for 6 hours. Next, the cells were harvested and analyzed by FACS to determine the fraction of DiI-positive cancer cells containing calcein. In some experiments, DiI-positive cancer cells were pre-incubated with 100 mM of CBX for 2 hours before co-incubation with donor cells. In other studies, the individually labeled cell types were separated by a 0.4-mm membrane in transwell chambers using the plating conditions described above and evaluated after 6 hours.
Data Analysis
Statistical analysis was performed with the Prism program (GraphPad Software, version 6.01) using the Student's t test. P ,.05 was considered statistically significant.
Results
MDA-MB-231 Cancer Cell-astrocyte Interaction Leads to Upregulation and Activation of the Endothelin Axis
First, we measured constitutive gene expression of ET-1, ET-2, and ET-3 by murine astrocytes, murine fibroblasts, and MDA-MB-231 cells to determine whether gene expression levels were modulated when the cancer cells were co-incubated for 48 hours with astrocytes (or fibroblasts). Murine ET-1 gene expression increased 5-fold when astrocytes were co-incubated with MDA-MB-231 cancer cells (Fig. 1A) , which was confirmed by ELISA ( Supplementary Fig. S1 ). Co-culture of astrocytes with cancer cells had no effect on murine ET-2 mRNA expression or human ET-1 or ET-2 mRNA expression ( Fig. 1A ; Supplementary  Figures S2A and S2B) . No cell type expressed the ET-3 isoform. The level of murine ET-1 or ET-2 mRNA expression was not significantly increased in fibroblasts cultured alone or with cancer cells (data not shown). When mouse primers were used, no PCR products were detected in PCR-amplified human MDA-MB-231 cells, and no PCR products were observed in PCR-amplified murine cells when human primers were used.
We next measured ET A R and ET B R expression in MDA-MB-231 cells cultured alone or with murine astrocytes or fibroblasts. The schematic cartoon in Fig. 1B shows the overall experimental design. ET A R and ET B R gene expression was significantly increased in cancer cells that were cultured with astrocytes when compared with cancer cells cultured alone (2.5+0.78-fold; P , .05 and 1.87+0.5-fold; P , .05, respectively) (Fig. 1C) . These results were confirmed by Western blot analysis (Fig. 1D) . Co-incubating MDA-MB-231 cells with fibroblasts had no effect on cancer cell expression of ET A R or ET B R. Co-immunoprecipitation analysis of MDA-MB-231 cancer cells cultured alone or with GFP-labeled murine astrocytes indicated that murine astrocytes, but not fibroblasts, stimulated phosphorylation of ET A R and ET B R (Fig. 1E) . This finding was confirmed by immunofluorescence microscopy ( Supplementary Figs. S3A and S3B) .
To determine if astrocyte-induced modulation of the endothelin axis was unique to MDA-MB-231 cancer cells, we examined astrocyte interactions with H226 NSCLC cells. ET-1 gene expression increased 7-fold in astrocytes that were co-incubated with H226 cells (Supplemental Fig. S4A ), which was confirmed by ELISA (Supplemental Fig. S4B ). We also noted that ET A R and ET B R were upregulated in H226 cells co-incubated with astrocytes (Supplemental Fig. S4C ), and the receptors were phosphorylated (Supplemental Fig. S4D) .
Collectively, the results of these experiments indicated that co-incubation of cancer cells with murine astrocytes, but not murine fibroblasts, leads to upregulation and activation of the endothelin signaling axis.
MDA-MB-231 Cancer Cell-derived IL-6 and IL-8 Upregulate Endothelin Signaling
Next, we reviewed the literature to identify potential upstream activators of the endothelin signaling axis. We focused on 2 inflammatory cytokines, IL-6 and IL-8, which are produced by cancer cells and have been shown to upregulate endothelin expression. 27, 28 Co-incubation of MDA-MB-231 cells with astrocytes resulted in a 3-fold increase in IL-6 gene expression ( Fig. 2A) and a 10-fold increase in IL-8 gene expression (Fig. 2B ) in cancer cells. These results were confirmed by ELISA (Fig. 2C and  D) . The formation of gap junctions between astrocytes and MDA-MB-231 cells may be a prerequisite for IL-6 and IL-8 upregulation because both proteins were suppressed when we pre-incubated cancer cells with CBX. Moreover, we noted that the enhanced ET-1 production from astrocytes that were co-incubated with cancer cells declined to control levels when cancer cells were pretreated with CBX (Fig. 2E) . The treatment of MDA-MB-231 cells with exogenous IL-6 or IL-8 significantly increased ET A R and ET B R expression on the cancer cells (Fig. 2F) . Fig. S5C ), which was confirmed with ELISA ( Supplemental  Fig. S5D ). Co-incubation of astrocytes with cancer cells transfected with siRNA targeting IL-8 reduced ET-1 gene expression by almost 75% compared with control or nontargeting siRNA, which was verified by ELISA. Similarly, stimulation of astrocytes with exogenous IL-6 or IL-8 significantly increased ET-1 gene expression (Supplemental Fig. S5E ), and this was confirmed by ELISA (and S5F).
Collectively, these data demonstrated that gap junction signaling between astrocytes and MDA-MB-231 cells increases IL-6 and IL-8 production from cancer cells, which signal in an autocrine manner to upregulate ET receptor expression on cancer cells and in a paracrine manner to increase synthesis and secretion of ET-1 from astrocytes (Fig. 2G) . 
ET-1 Activates Endothelin Receptors, AKT and MAPK Signaling Pathways in MDA-MB-231 Cells
Because AKT/MAPK signaling pathways are upstream of genes associated with cell survival in cancer cells, 13 we evaluated the activation status of AKT and MAPK in MDA-MB-231 cells that were stimulated with ET-1. Stimulation of MDA-MB-231 cancer cells with 100 nM of ET-1 elicited robust phosphorylation of AKT and MAPK in a time-dependent manner (Fig. 3A) . AKT and MAPK phosphorylation were detected as early as 5 minutes after treatment and peaked 2 hours later. Treatment with 50 nM of ET-1 resulted in phosphorylation of both AKT and MAPK within 5 minutes. We confirmed that ET-1-induced phosphorylation of AKT and MAPK by immunofluorescence microscopy (Fig. 3B) . Treatment of the MDA-MB-231 breast cancer cells with 100 nM ET-1 resulted in phosphorylation of both ET A R and ET B R (Fig. 3C) .
ET-1 Upregulates BCL2L1, GSTA5, and TWIST1 in MDA-MB-231 and H226 Cancer Cells
Previously, we reported that co-incubation of murine astrocytes with human breast cancer cells leads to the upregulation of cell survival genes in cancer cells that protect them from chemotherapy. 13 To determine if these effects are mediated by ET-1, we treated MDA-MB-231 cells with 100 nM of ET-1 once a day for 3 days and then measured BCL2L1, GSTA5, and TWIST1 gene expression every 24 hours using RT-PCR. TWIST1 expression increased by 6-fold in MDA-MB-231 cancer cells that were stimulated with ET-1 peptide for 72 hours when compared with untreated cells (Fig. 4A ). BCL2L1 and GSTA5 gene expression levels increased by 4-fold and 3-fold, respectively, in MDA-MB-231 cancer cells that were stimulated with ET-1 for 72 hours. These results were validated using Western blot analysis (Fig. 4B) .
To determine whether ET-1 upregulated BCL2L1, GSTA5, and TWIST1 in other cancer cells, we stimulated H226 NSCLC cells with ET-1 and measured expression levels using RT-PCR. ET-1 increased BCL2L1 expression by 9-fold in H226 cells after 72 hours of ET-1 stimulation (Fig. 4C ). GSTA5 and TWIST1 were also significantly increased in H226 cells after ET-1 stimulation, and these results were confirmed with Western blot analysis (Fig. 4D) .
ET A R and ET B R Contribute to Astrocyte-induced Expression of Survival Genes in MDA-MB-231 Cancer Cells via the AKT/MAPK Signaling Pathway
Next, we wanted to determine which of the endothelin receptors was responsible (or if both were responsible) for astrocyteinduced activation of AKT/MAPK signaling in cancer cells. We preincubated MDA-MB-231 cancer cells with the ET A R antagonist (BQ123), ET B R antagonist (BQ788), both ET A R and ET B R antagonists (BQ123 plus BQ788), or the dual endothelin receptor antagonist, macitentan. MDA-MB-231 cancer cells were cultured alone or with GFP-labeled murine astrocytes for 6 hours, and then the cancer cells were collected by cell sorting with FACS analysis and prepared for Western blot analysis. The phosphorylated forms of AKT and MAPK were markedly increased in cancer cells that were incubated with astrocytes in comparison with cancer cells that were growing alone (Fig. 5A) . Single-agent treatment with either BQ123 or BQ788 had little effect on AKT and MAPK phosphorylation in MDA-MB-231 cancer cells that were co-incubated with astrocytes. In contrast, astrocyte-induced AKT and MAPK phosphorylation were significantly attenuated by combination treatment with BQ123 and BQ788 or by macitentan alone.
Next, we examined the effects of the various ET A R and ET B R antagonists on BCL2L1, GSTA5, and TWIST1 gene expression. MDA-MB-231 breast cancer cells were pre-incubated with endothelin receptor antagonists, co-incubated with GFP-labeled astrocytes for 24 hours, and then isolated from astrocytes using FACS analysis. Single-agent treatment with BQ123 or BQ788 had no effect on astrocyte-induced upregulation of BCL2L1, GSTA5, and TWIST1 (Fig. 5B) . However, combined treatment with both BQ123 and BQ788 or macitentan alone completely abrogated astrocyte-induced upregulation of survival genes in the cancer cells. These results were confirmed by Western blot (Fig. 5C ) and demonstrated that combined inhibition of both ET A R and ET B R signaling pathways is required to block AKT/MAPK activation and the resulting survival gene expression in MDA-MB-231 cells.
Both ET A R and ET B R Contribute to Astrocyte-mediated Protection of Cancer Cells from Chemotherapeutic Agents
We then investigated the role of endothelin receptors on astrocyte-mediated protection of cancer cells from taxol by using ET A R and ET B R siRNAs. Specific downregulation of corresponding protein expression by siRNA was confirmed by Western blot analysis (Fig. 6A) . Next, we compared the apoptotic index of MDA-MB-231 cells and the transfected cancer cells that were cultured alone in the presence of 15 ng/mL taxol with that of cancer cells that were co-incubated with murine astrocytes in taxol. The apoptotic index of the cancer cells incubated with murine astrocytes was significantly reduced in comparison with cancer cells that were cultured alone (48.4+4.8 vs 34.1+3.4; P , .05) (Fig. 6B) Next, we conducted an assay employing type-specific ET A R and ET B R antagonists to confirm that dual inhibition of these receptors is critical for abolishing astrocyte-mediated protection from chemotherapeutic agents. MDA-MB-231 cancer cells were pre-incubated with BQ123, BQ788, both antagonists, or macitentan and were then cultured for 48 hours in the presence of taxol with or without GFP-labeled murine astrocytes. Cancer cells cultured with astrocytes had a significantly reduced apoptotic index when compared with cancer cells that were cultured alone (42.1+1.3 vs 25.5+3.1; P , .05) (Fig. 6C) . The single endothelin antagonists BQ123 (41.3+2.6 vs 26.3+3.7; P , .05) and BQ788 (43.8+2.0 vs 32.3+2.7; P , .05) had no effect on astrocyte-mediated chemoprotection. In contrast, protection from chemotherapy was eliminated in cancer cells that were treated with the combination of BQ123 and BQ788 (42.1+1.4 vs 40.3+2. 
Kim et al.: Endothelin axis and chemoprotection by astrocytes
We confirmed the chemoprotection results of mouse astrocytes with human astrocytes. MDA-MB-231 cells co-incubated with human astrocytes and MDA-MB-231 cells that were transfected with nontargeting siRNA, siRNA targeting only ET A R, and siRNA targeting only ET B R were protected from taxol when compared with cancer cells alone (P , .01) (Fig. 6D) . The human astrocyte-induced chemoprotective effect was abrogated in cells with siRNAs targeting both ET A R and ET B R (66.93+7.9 vs 57.4+2.0; P , .05). None of the transfections had an impact on the apoptotic index in the absence of taxol. We also found that the apoptotic index of cancer cells incubated with human astrocytes was significantly reduced when compared with MDA-MB-231 cancer cells growing alone (Fig. 6E) 
Neuro-OncologyCollectively, these results suggested that both murine astrocytes and human astrocytes mediate the protection of cancer cells from taxol through ET A R and ET B R signaling pathways. Only simultaneous knockdown or dual antagonism of these receptors abolished astrocyte-mediated chemoprotection of cancer cells.
Astrocyte-induced Upregulation of Survival Proteins in Cancer Cells Is Dependent on Gap Junction-mediated Communication
The initiating signal between astrocytes and cancer cells was dependent on gap junction communication. To determine if ensuing upregulation of anti-apoptotic proteins was due to a soluble astrocyte factor, we stimulated MDA-MB-231 cancer cells in astrocyte-conditioned media for 48 hours and measured BCL2L1, GSTA5, and TWIST1 gene expression levels ( Supplementary  Fig. S6A ). Astrocyte-conditioned media had no effect on antiapoptotic gene expression, and this was confirmed by Western blot analysis (Supplementary Fig. S6B ). The expression of antiapoptotic proteins also remained unchanged when MDA-MB-231 cancer cells were separated from astrocytes by a 0.4-mm pore membrane (Supplementary Fig. S6C ). However, pretreatment of cancer cells with the gap junction channel inhibitor CBX abolished astrocyte-induced chemoprotection (Supplementary Fig. 6D ). These data suggested that astrocyte-induced upregulation of anti-apoptotic proteins and chemoprotection of cancer cells are dependent on coupling of astrocytes and cancer cells through gap junction channels.
Brain-derived Endothelial Cells, But Not Microglial Cells, Protect Cancer Cells from Chemotherapy
Next, we questioned whether other CNS cells might also protect cancer cells from chemotherapy. We found that murine brain Fig. S7A ). We confirmed the role of endothelin signaling in brain endothelial cell-mediated chemoprotection by using the ET A R and ET B R siRNA-transfected cancer cells. The apoptotic index of MDA-MD-231 cells that were co-incubated with brain endothelial cells treated with taxol was 50% of cancer cells alone in taxol. Only siRNA targeting of both endothelin receptors eliminated the chemoprotective effect of brain endothelial cells (Supplementary Fig. S7B ). Microglial cells had no effect on the responsiveness of cancer cells to chemotherapy (Supplementary Fig. S7C) 
Discussion
Most reports seeking to explain the inability of systemic therapy to improve clinical outcomes for patients with brain metastases have invoked a role for the blood-brain barrier and efflux transporters such as P-glycoprotein. 5, 6, 8 Until recently, virtually no information was available regarding the role of astrocytes in mediating therapeutic resistance. We have previously reported that astrocytes protect cancer cells from chemotherapy by stimulating the upregulation of a subset of anti-apoptotic genes in cancer cells. 13 Here, we demonstrated that astrocyte-induced survival gene expression in MDA-MB-231 breast cancer cells and H226 NSCLC cells and the ensuing protection of the cancer cells from chemotherapy are products of an upregulated and activated endothelin signaling axis. We also showed, for the first time, that brain endothelial cells protect cancer cells from chemotherapy by an endothelin-dependent mechanism. Therapeutic antagonists of either ET A R or ET B R on MDA-MB-231 breast cancer cells have little effect on astrocyte-mediated chemoprotection, whereas simultaneous antagonism of both endothelin receptors prevents activation of intracellular AKT and MAPK effector proteins that are responsible for expression of survival genes, thus rendering cancer cells responsive to chemotherapy.
Accumulating evidence suggests that upregulation of endothelin peptides is a characteristic feature of the reactive astrogliosis that accompanies CNS pathologies 17 including brain metastasis. 16 We found that co-incubation of MDA-MB-231 cancer cells and H226 cancer cells with astrocytes led to upregulated expression of ET-1 by astrocytes and significantly enhanced ET A R and ET B R expression on the cancer cells. The current study builds on our previous efforts in that we define a critical role for cancer cell-derived IL-6 and IL-8 in upregulating the endothelin axis.
Indeed, this finding underscores the complexity of the cell-cell interactions that take place in the tumor microenvironment. However, not all cell types are endowed with chemoprotective potential; fibroblasts and microglial cells failed to protect cancer cells from taxol. The finding that astrocytes function as the endothelin-releasing cell is consistent with results generated from clinical studies of brain metastases demonstrating that peritumoral astrocytes overexpress endothelin in 85% of cases. 15 Similarly, the finding that brain endothelial cells protect cancer cells from chemotherapy through an endothelin-dependent mechanism is reasonable, given that endothelial cells are the primary cellular source of endothelin in the body. 14 The administration of exogenous ET-1 to cancer cells or co-incubation of cancer cells with astrocytes elicits a rapid, robust increase in the expression of the phosphorylated forms of AKT and MAPK. AKT and MAPK proteins play an important regulatory role in a number of diverse cellular processes including cell survival. 29 Results generated from other laboratories have shown that activation of AKT and MAPK signaling pathways leads to upregulation of the anti-apoptotic genes encoding BCL2L1, 29 GSTA5, 30 and TWIST1. 31 In the present report, we noted that stimulation of MDA-MB-231 cancer cells with exogenous ET-1 peptides or co-incubation of the cancer cells with astrocytes resulted in marked upregulation of BCL2L1, GSTA5, and TWIST1. Consequently, overexpression of these genes decreases apoptosis and improves cell survival. Moreover, we previously reported that inhibition of these 3 proteins abolishes protection from chemotherapy. 13 Similar to our previous report demonstrating that astrocyteinduced chemoprotection of melanoma cells requires direct physical contact between the 2 cell types, 12 astrocyte-and brain endothelial cell-mediated protection of breast cancer cells and lung cancer cells from taxol was also dependent on formation of gap junctions. The melanoma study invoked a role for connexin 43 expressed on the cell surface of melanoma cells and astrocytes in promoting resistance to chemotherapy, inasmuch as silencing connexin 43 eliminated astrocyte-induced protection. Currently, there are 21 connexin isoforms in the human proteome with different physiological properties and regulatory responses. 32 It will be important to determine which connexin subunits are involved in breast and lung cancer chemoprotection and how the ensuing IL-6 and IL-8 signaling between cancer cells and astrocytes transpires (eg, direct shuttling vs exosomes, etc.).
The advent of endothelin antagonists has also resulted in a deeper appreciation of the complexity of endothelin signaling that takes place during tumor progression and metastasis. For example, it is now known that prostate cancer cell-produced ET-1 stimulates new bone formation in vitro and osteoblastic metastases in vivo by signaling through the ET A R expressed on osteoblasts. 33 Similarly, more recent experimental studies determined that bladder cancer cell-derived ET-1 signals for recruitment of a population of ET A R + macrophages to the lung, which then creates a prometastatic inflammatory microenvironment that is conducive for metastatic growth. 34 Similar to these reports, our results suggest an important role for paracrine ET-1 signaling between cancer cells and stromal cells as a mechanism that sustains cancer cell viability. To our knowledge, the present study is the first to demonstrate that communication between astrocytes and cancer cells involves upregulation and activation of the endothelin axis.
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Identifying the cellular and molecular mechanisms that mediate therapeutic resistance of cancer cells in the brain has been challenging. The clinical problem is emphasized by a recent study on newly diagnosed, previously untreated patients with small cell lung cancer brain metastases who had an intracranial response rate of 27% and an extracranial response rate of 73%. 35 While the blood-brain barrier plays a role in limiting the uptake of chemotherapeutic agents into the brain parenchyma and much recent effort has been directed toward identifying agents with improved penetrating properties, the results to date from studies evaluating agents such as temozolamide have been disappointing. 3, 36, 37 The results of the present study suggest that therapeutic targeting of astrocyte-and endothelial cell-mediated protection of cancer cells from chemotherapy by antagonism of endothelin receptor signaling may represent a novel approach for improving the efficacy of treatments for brain metastasis.
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